Seed predation and rodent foraging behaviors depend on frequency of available seeds and seed traits. However, the interaction of frequency of seed availability and seed traits adds a new level of complexity to granivore-seed dynamics. We conducted experiments with eastern gray squirrels (Sciurus carolinensis) designed to elucidate the frequency × trait interaction. We hypothesized that frequency-dependent caching should occur only among pairs of seeds that are relatively similar in attributes that affect their perceived value as a storable food item. We also tested whether caching decisions were dependent on seeds already cached, a variable rarely considered in seed dispersal studies. Frequency-dependent seed caching occurred when seeds of relatively similar value (Juglans regia and Castanea mollissima) were paired. For this seed pair, caching decisions by S. carolinensis were dependent on seeds already cached such that squirrels tended to cache seeds that were either rare in the environment or in the cache. When seeds of very different caching values were paired (Juglans nigra and Corylus americana), a strong preference for the high-value seed was observed, but no frequency-dependent selection. We conclude that in pairings of seeds of differential caching value, the highly preferred seed is cached regardless of frequency of availability. In contrast, when seeds of similar value are paired, rarer (more common) seeds are cached at a higher (lower) rate than expected, and this behavior potentially stabilizes seed survival across available seed types leading to increased tree diversity. Our results indicate that caching of seeds by squirrels, and by implication recruitment of seedlings into plant populations, is likely driven by complex interactions between the relative frequency of seeds and their traits. We expect similar patterns to occur in any system in which foragers select among resource types that vary in perceived value.
Plants can influence foraging by granivorous rodents through "seed-packaging" strategies and masting (Vander Wall 2010) . Physicochemical seed-trait measurements clearly show that hardwood trees produce seed packages that provide a balance of attractive and defensive traits Sundaram et al. 2015) . Attractive traits increase the probability that granivores will handle and cache seeds; they include large kernel mass or high lipid concentrations that make more energetic rewards available to consumers (Wang and Chen 2012; Yang et al. 2012) . Defensive traits, such as presence of hard pericarps and high tannin concentrations, increase handling costs associated with seeds and induce caching behaviors (Smallwood et al. 2001; Wang and Chen 2008; Vander Wall 2010) . Several studies have examined the role of seed traits on selection of seeds by rodents, but few have examined the interaction between traits and relative seed abundance (but see Xiao et al. 2010) .
Relative abundance of seeds and granivores can result in complex dynamics of tree regeneration (Hoshizaki and Miguchi 2005; Xiao et al. 2013a ). The differential abundance of multiple types of seeds is influenced by temporal patterns of local plant species composition and seed production (Hoshizaki and Miguchi 2005) . Masting, the synchronized production of seeds by trees (Sork 1993; Kelly 1994) , modifies both absolute and relative abundance of naturally available seeds and can affect seed selection by granivores (Hoshizaki and Hulme 2002; Klinger and Rejmánek 2009; Lichti et al. 2014) . The "predator dispersal hypothesis" posits that an increase in absolute seed abundance results in granivore satiation, which in turn leads to increased probability that seeds will be cached but not recovered by granivores, and hence survive to germinate (Kelly and Sork 2002; Zwolak and Crone 2011; Xiao et al. 2013b) . By also considering consumer abundance, Theimer (2005) hypothesized that seed escape and seedling recruitment can be modeled as a function of the ratio of seeds to scatterhoarders, with seed predation predicted to dominate at low seed:scatterhoarder ratios and survival of cached seeds at high seed:scatterhoarder ratios. Although there is evidence that the presence of alternative seed types can significantly influence caching decisions (Lichti et al. 2014) , the relationship between frequency of seed types and seed-caching behaviors of granivores remains unclear.
Frequency-dependent selection occurs when selection of prey items by the predator is not exactly proportional to prey availability (Greenwood 1985) . Two types of frequency dependence may occur. Positive frequency-dependent selection occurs when a common prey item is selected at higher proportions than predicted by its frequency (Greenwood 1985) . One mechanism by which such disproportionate selection of common prey occurs is when there is a high cost to hunting multiple prey items simultaneously (see Greenwood 1984 for additional mechanisms). Therefore, foraging efficiency of the predator is improved by focusing on the more common prey item (Greenwood 1984 ). An example of positive frequency dependence was observed in experiments where damselfly naiads selected between consuming mobile Daphnia prey and sessile Simocephalus prey (Akre and Johnson 1979; Sherratt and Harvey 1993) . Naiads adopted an ambush strategy to catch Daphnia, whereas a more active search strategy was required to catch sessile Simocephalus. Positive frequency dependence was observed because naiads engaged in the search strategy required to catch the more abundant prey item leading to higher predation rates on the common prey (Akre and Johnson 1979; Sherratt and Harvey 1993) . In comparison, negative frequency-dependent selection occurs when a rare prey item is selected disproportionately often (Greenwood and Elton 1979; Allen and Greenwood 1988) . Consistent negative frequencydependent estimates are observed in seed-and bait-selection experiments (Greenwood 1985; Celis-Diez et al. 2004; CelisDiez and Bustamante 2005) . The disproportionate selection of rare prey can occur when prey are crowded or at a high density and may be a result of rare prey appearing conspicuous when grouped with common prey (Greenwood 1985; see Greenwood 1984 for additional mechanisms). Even in granivore systems where positive frequency dependence occurs, selection may switch to negative frequency dependence if moderate abundances of seed or bait are made available (Greenwood 1985) . In rodent-seed experiments, to our knowledge only 1 weak estimate of positive frequency dependence has been computed (Blythe et al. 2015) , which may be attributed to low seed densities occurring in spring when the study was conducted. In contrast, experiments performed during seasons of seed production suggest that negative frequency dependence occurs even at very low seed densities (Celis-Diez and Bustamante 2005).
Rodent seed-selection studies performed thus far suggest that relative seed abundance interacts with seed traits to influence perceived value of seeds to rodents and therefore seed selection (Greenwood 1985; Celis-Diez et al. 2004; Celis-Diez and Bustamante 2005; Xiao et al. 2010) . Therefore, rodents may select a less-preferred seed type if it occurs at a moderately high relative abundance (Hoshizaki and Hulme 2002; Xiao et al. 2010) . Frequency-independent selection or preference also has been documented, where 1 seed type (Ulmus glabra) was consistently preferred by wood mice (Apodemus) over another seed type (Fraxinus excelsior), leading to the hypothesis that frequency-dependent seed selection occurs more commonly when seeds have low and equal palatability (Hulme and Hunt 1999) .
Here, we designed a study based on previous work to test whether seed caching by eastern gray squirrels (Sciurus carolinensis) results from an interaction between seed traits and relative frequency of seeds available. In previous work Sundaram et al. 2015) , we identified that: 1) the foraging behaviors of eastern gray squirrels are influenced by the traits of prey (or seeds), as opposed to species affiliation or phylogeny of prey alone; and 2) traits influence the prey selection process by rodents in a predictable fashion. Explicit consideration of these 2 features allows us to rank species based on traits (e.g., shell toughness, tannin concentration, mass of the kernel, etc.) that presumably affect perceived caching or storage value and hence selection. After ranking seeds, in the current study, we selected and presented a highly valued seed type with a lessvalued seed type at varying frequencies and compared results to presentations of 2 nearly equally valued and highly palatable seed types at varying frequencies (throughout this paper, "highly valued" refers to the seed's value for caching, based on seed-trait estimates).
Our primary goal was to evaluate when frequency dependence occurs. We predicted that:
1. Highly valued seeds would be preferentially cached at all frequencies of presentations in trials in which highly valued and less-valued seed types are paired. 2. Frequency-dependent seed caching would occur when 2 comparably valued seeds are presented.
To test the above predictions, we presented seeds at varying frequencies to captive squirrels under controlled conditions. To evaluate whether caching decisions made in captivity accurately represented those made by free-ranging squirrels, we presented the same seed pairs and frequencies to free-ranging squirrels and compared selections made to those of captive squirrels. In addition to the primary goal, we had 2 secondary goals. One was to evaluate the type of frequency dependence. Due to the high abundance and density of seeds available to squirrels in this study, we predicted that, when frequency-dependent caching occurred, negative frequency-dependent caching would occur, i.e., rare seeds would be selected by squirrels at a higher rate than expected based on relative frequency while common seeds would be selected at a lower rate. Our last goal was to evaluate if squirrels accounted for cache content when selecting seeds. We predicted that seed caching would vary based on frequencies of seeds in existing caches and not just based on the frequencies of seeds presented. Although most study designs do not explicitly account for the frequency of seeds in caches, squirrels likely remember cache contents and may vary seed selection accordingly. To further evaluate whether cache contents might affect seed selections, we performed a cache-raiding experiment with captive squirrels where we tested whether seed selections by squirrels changed after raiding caches.
Materials and Methods
Experiments with captive squirrels.-We livetrapped 12 adult eastern gray squirrels (5 female, 7 male) between 1 July and 10 August 2013 in Purdue University's Horticulture Park and Purdue's West Lafayette, Indiana, campus. All squirrels were transported 13 km to Martell Experimental Forest, Purdue University. Each individual was housed in an enclosure (1.8 × 1.8 × 2.4 m) provisioned with 2 nest boxes (35.5 × 22.8 × 45.7 cm), a seed tray, a motion-activated camera (PC900 HyperFire Professional; Reconyx Inc., Holmen, Wisconsin) focused on the seed tray, a water bowl, tree limbs for climbing, and a plastic box (63.5 × 44.5 × 22.8 cm) containing 10 cm of soil to cache seeds. Cages were built of wooden frames with hardware cloth sides and were arranged adjacent to one another separated by a minimum distance of approximately 0.3 m. A black plastic sheet was attached to 1 side of each cage so that squirrels were unable to observe one another.
While in captivity, squirrels were provided a daily diet of rodent block (Teklad 2014 global 14% rodent maintenance block; Harlan Teklad, Madison, Wisconsin), hardwood seeds (walnuts, hickories, acorns, and chestnuts), sunflower seeds, fresh apple pieces, and a filled water bowl. All individuals were allowed to habituate to captive environments and acclimate to seeds used in this study for at least 4 weeks, after which seedpresentation trials were conducted between 10 August and 1 November 2013. All methods conformed to ASM guidelines (Sikes et al. 2011 ) and regulations for animal care and use (PACUC protocol No. 1303000832 , Indiana Department of Natural Resources Scientific Purposes License 13-067).
We performed frequency-dependent seed-selection trials with 4 seed types. Seed-caching experiments show that eastern gray squirrels preferentially cache high-energy seeds with tough shells (toughness is defined as the product of shell thickness and hardness; see Sundaram et al. 2015 for additional information on seed-trait estimation), seeds with high tannin content, long dormancy periods, and large kernel mass. The relationship of these seed traits to hoarding has been noted by numerous studies (see for comprehensive review). Using the seed-trait estimates for 23 hardwood tree species from Sundaram et al. (2015) , we computed standardized trait values by subtracting the mean and dividing by the SD (see Supplementary Data SD1). We then computed pairwise 4-dimensional Euclidean distances between seed types, which represent differences in seed traits and thus estimated caching value of all seed types. We used this information in 1 trial to pair a seed type of high value (black walnut, Juglans nigra) with a seed type of low value (American hazelnut, Corylus americana, Euclidean seed-pair distance of 3.95 was greater than 87.7% of other seed-pair distances). In a second trial, we paired 2 seed types with similar value, English walnut (Juglans regia) and Chinese chestnut (Castanea mollissima, distance of 1.26 was less than 88.2% of other seed-pair distances). Our choice of seed pairs was verified with hierarchical agglomerative cluster analysis using Ward's minimum variance criterion implemented by "hclust" in R 3.0.2; black walnut and hazelnut resided in separate groups until the final cluster was formed, whereas English walnut and Chinese chestnut were among the first pairs of seeds to be clustered together (see Supplementary Data SD1).
Each of our selected seed pairs was presented at 1 of 4 ratios (2:8, 4:6, 6:4, 8:2) to each squirrel for 10 consecutive days. Each seed pair × frequency combination was randomly assigned and presented to 5 different individuals (Table 1 ). All seeds presented were numbered and labeled with the date of presentation. Between 1600 and 1800 h, 10 numbered seeds in the assigned ratio were placed on seed trays, and motionactivated cameras were switched on. From the cameras, we determined order of seed selection and thus frequency of seed types left on the board after each selection event. Between 0800 and 1000 h the following day, researchers switched off cameras, collected data cards, counted numbers of seeds cached of each type from the previous day, counted numbers of seeds still cached from any previous trials, and replenished trays with rodent block, sunflower seeds, fresh fruit, and water. Cached seeds were found by sifting through dirt in cache boxes, checking corners of cages, and searching nest boxes. Cached seeds were returned unless the treatment explicitly involved raiding of caches. As each trial consisted of 10 seeds at the assigned ratio, and each trial was repeated for 10 consecutive days, a total of 100 seeds were presented to each squirrel for each seed pair × frequency combination (Table 1) .
To further determine if selections made by squirrels were influenced by seeds already cached, we performed a separate experiment to compare seed selections made with and without raiding of caches. We randomly assigned 6 captive squirrels to one of the following seed ratios: 4:6, 6:4, 8:2 (i.e., relative frequencies of 0.4, 0.6, 0.8). We presented each of these squirrels with black walnuts and hazelnuts paired at the assigned ratio for 10 consecutive days. All presented seeds were labeled with a seed number and date using a marker. Seed presentations occurred between 1600 and 1800 h, and researchers returned the following day to count cached seeds between 0800 and 1000 h. After 10 days, black walnuts and hazelnuts were presented at the same ratios to the same squirrels; however, all cached seeds were raided and removed every day for another 10 consecutive days. We were unable to perform the cacheraiding experiment using Chinese chestnut and English walnut seed pairs because of difficulties in obtaining additional seeds within the time frame of this study.
Field trials.-To determine if seed selections made by captive squirrels were similar to seed selections made by freeranging squirrels, we presented free-ranging squirrels across 10 locations on the Purdue's West Lafayette campus with the same seed pairs and ratios described for captive squirrels. Presentations occurred between 6 October and 20 November 2013. Each location was separated by at least 150 m to ensure that selections were made by different squirrels. Seed pairs at the predetermined ratios were lined up in a row at the base of a tree. Observers waited for squirrels to handle seeds. The first seed type selected was recorded along with seed fate (consumed or cached).
Statistical model.-We used the model of Greenwood and Elton (1979) to determine degree of frequency dependence and preference in selection. We modeled selection of each seed as a Bernoulli event (i.e., a binary response of 0 or 1),
where y i is 1 if black walnut is cached over hazelnut in the ith selection event, or 1 if Chinese chestnut is cached over English walnut in the ith selection event, and probability of caching seed type 1 in the ith selection event (P i1 ), conditional on caching of a seed, was given by the equation:
Here, V is preference for seed type 1 over seed type 2 (independent of frequency), b is the degree of frequency dependence, and n i1 and n i2 are numbers of seed types 1 and 2 available to the squirrel in the ith selection event. If V = 1, one seed type is not consistently preferred over the other. If V > 1, then seed type 1 is more likely to be selected irrespective of frequency. If V < 1, then seed type 2 is more likely to be selected irrespective of frequency. If b = 1, then selection of seeds is proportional to frequency of availability. If b > 1, then positive frequencydependent selection exists with the common seed type selected disproportionately often relative to its availability. If b < 1, then negative frequency-dependent selection occurs with the rare seed type selected disproportionately often relative to its availability. After we separated all seed-selection events that resulted in caching, pooled caching events across all squirrels for a particular seed pair, and removed events where only 1 seed type was available, we defined probability of caching seed type 1 (in equation 2) as the probability of selecting a black walnut in the black walnut-hazelnut seed pair and probability of selecting a Chinese chestnut in the Chinese chestnut-English walnut seed pair. We fitted weighted nonlinear regressions to equations 1 and 2 with the function "nls" in R 3.0.2, modified to minimize squared Pearson residuals (Nash 2014) . For a Bernoulli event, the Pearson residual for the ith observation is defined as: where y i is 1 if black walnut is cached over hazelnut in the ith selection event, or 1 if Chinese chestnut is cached over English walnut in the ith selection event, and p i1 is the predicted probability of black walnut or Chinese chestnut being cached in the ith selection event as defined by equation 2 based on relative frequency of availability. For Chinese chestnut and English walnut seed pairs, initial V and b values were computed for the regressions following methods described by Blythe et al. (2015) . For black walnuts and American hazelnuts, we used multiple initial starting values to ensure convergence to a proper solution. The t-statistics as provided by "nls" for V and b estimates were recalculated to test whether estimates were significantly different from 1 as opposed to the default comparison to 0. Despite randomly assigning frequency × seed pair combinations to individual squirrels, caching events by individual squirrels may not be independent. Therefore, we computed conservative critical t-values for each coefficient using 2 subtracted from the number of squirrels as d.f. (Blythe et al. 2015) . For free-ranging squirrels, selection events resulting in caches were pooled across all 10 locations. After recalculating t-statistics to test for significant difference from 1, critical t-values were computed using 2 less than the number of locations as d.f. (Blythe et al. 2015) .
For which seed pairs and in what form does frequency dependence occur?-Using the statistical model and methods described above, we computed frequency dependence (b) estimates for pairings of the highly preferred black walnut and less-preferred American hazelnut and compared the value to estimates for pairings of the similarly preferred English walnut and Chinese chestnut. We tested for significant differences from 1 and determined if selection was positively (b > 1) or negatively (b < 1) frequency dependent. We evaluated if these findings were robust by comparing selections made by captive squirrels to selections made by free-ranging squirrels; specifically, we compared estimates of V and b for the 2 groups. We used the method of Payton et al. (2003) to conduct pairwise tests of V and b while adjusting for unequal SEs. The method relies on computation of multipliers for the SEs for a specified level of α while adjusting for unequal SEs of the estimators being compared (Payton et al. 2003) . Thus, we compared intervals of V ± 1.3 SE and b ± 1.23 SE across captive and freeranging squirrels. Overlapping intervals suggest no significant difference at α = 0.05. Do squirrels account for cache content when making selections?-To evaluate if caching decisions by squirrels were dependent on seeds already cached, we compared models where availability was defined only by presented seeds to models where availability was defined by presented seeds as well as seeds already cached (i.e., we compared models where n 1 and n 2 were defined by numbers of seed type 1 and seed type 2 presented in cages, to models where n 1 and n 2 were defined by the numbers of seed type 1 and seed type 2 presented in cages and preexisting in caches made by the squirrel). The best model was determined based on Akaike information criterion (AIC) values. We validated our selection of the best model using a leave-one-out cross-validation method (LOO-Ugarte et al. 2016) . Briefly, LOO involves sequentially dropping each row of data, fitting V and b coefficients to the remaining data using equations 1-3 and predicting which seed type is selected in the dropped row based on numbers of seeds available and computed V and b estimates. We estimated and compared the percentage of selection events predicted correctly in cross-validation for models in which availability was defined by seeds presented alone and in which availability was defined by seeds presented and cached. To further address whether cache contents affected seed selections, we used a paired t-test to compare numbers of black walnuts cached with and without cache raiding across squirrels.
Additional tests.-We tested if cache decisions differed between sexes by comparing V and b estimates fit separately to selection events by male and female squirrels. We compared intervals of V ± 1 SE and b ± 1.22 SE to test for significant differences between sexes at α = 0.05 and intervals of V ± 0.69 SE and b ± 0.9 SE for α = 0.1 (multipliers based on Payton et al. 2003) .
To fully understand the implications of estimated preference and frequency dependence terms, we plotted the predicted probabilities of selecting black walnut and Chinese chestnut by captive squirrels and predicted differences across sexes. Plots of American hazelnut and English walnut were not displayed because they were the inverses of the black walnut and Chinese chestnut plots, respectively. The 95% confidence bands were computed from variance-covariance matrices of V and b estimates using the delta method, implemented by function "deltavar" in package "emdbook" (Bolker 2008 (Bolker , 2015 .
results
In experiments with captive squirrels, we successfully collected seed-caching data from 7 male and 5 female adult squirrels. We obtained an average of 9.1 days (median = 10, range = 4-10 days) of camera seed data per squirrel and frequency of seed-pair combinations in the captive trials (Table 1) . Missing days of seed-selection data were due to logistical problems such as camera failures.
For which seed pairs and in what form does frequency dependence occur?-Across all 502 cached seeds in presentations of black walnuts and American hazelnuts, only 2 hazelnuts were cached (by 1 squirrel; Table 1 ; see Supplementary Data SD2). The extreme preference for caching black walnuts over American hazelnuts resulted in a large preference term (V = 8.9) and no frequency dependence (b not significantly different from 1) in the best-fit model (next best model at ∆AIC of 45.85; Table 2 ). This result suggests strong preference for black walnuts over hazelnuts (V > 1) and no frequency dependence (b = 1) in 109 trials where at least 1 of each seed type was available and number of seeds available was known from camera data. Free-ranging squirrels cached black walnuts across all 27 presentations of black walnuts and American hazelnuts where caching was observed (Table 1) . As a result of these extreme preferences, we experienced convergence problems in nonlinear regression models fit to walnut-hazelnut caching events by free-ranging squirrels. In this seed pair, the final estimates of preference for black walnuts approached infinity (V → ∞) and frequency dependence approached 0 (b → 0; Table 2 ). We did not use the LOO method to compute percentage correct predictions for this seed pair because captive squirrels almost always cached black walnuts and dropping the few rows of hazelnut selection resulted in final estimates of infinity for the preference term (V) and 0 for the frequency dependence term (b).
In contrast, squirrels cached both Chinese chestnuts and English walnuts (Table 1 ; see Supplementary Data SD2). The best model fit to 273 caching events of Chinese chestnuts and English walnuts using equations 1 and 2 resulted in a preference term not significantly different from 1 (V = 0.53) and b significantly < 1 (next best model at ∆AIC of 24.8 and percent selection events predicted correctly declined by 6%; Table 2 ). This result suggests negative frequency-dependent selection (b < 1) in which squirrels selected rare seeds for caching at a higher rate than expected based on frequency, and no preference for either English walnuts or Chinese chestnuts (V = 1). Similar trends were observed in 32 caching events by free-ranging squirrels, with no preference for either English walnuts or Chinese chestnuts (V = 1) and negative frequency dependence (b < 1; Table 2 ). Confidence intervals around the preference (V ± 1.3 SE) and frequency dependence (b ± 1.23 SE) terms from free-ranging and captive squirrels overlapped (i.e., P >> 0.05; Fig. 1) .
Do squirrels account for cache content when making selections?-Incorporating the numbers of seeds already cached by squirrels into the measure of availability improved fit for Chinese chestnut and English walnut seed pairs but reduced fit for black walnut and hazelnut seed pairs ( Table 2) . Number of seeds presented was a better predictor of selections of black walnuts over the numbers of seeds cached (Table 2 ). In the cache-raiding experiment, no significant differences were found between numbers of black walnuts cached before and after cache-raiding events (t 5 = 1.48, P = 0.20). We did not test for differences in V and b terms before and after caches were raided because all squirrels consistently selected black walnuts.
Additional tests.-Male and female squirrels showed differences in patterns of seed selection for caching. Comparisons , SEs for V and b, t-statistic, and accompanying P-value testing for significant difference from 1, ΔAIC values computed for models within a seed pair and percent caching events correctly predicted in leave-one-out cross-validation. Rows of table represent different models: captive eastern gray squirrel (Sciurus carolinensis) caches predicted using frequency of presented seeds, captive squirrel caches predicted using frequency of cached and presented seeds, free-ranging squirrel caches predicted using frequency of presented seeds, captive male squirrel caches predicted using frequency of cached and presented seeds, and captive female squirrel caches predicted using frequency of cached and presented seeds. AIC = Akaike information criterion.
Seed pairs
Model of intervals of preferences for Chinese chestnut (V ± 1 SE) and frequency dependence (b ± 1.22 SE) showed minor overlap (Fig. 1) . No overlap occurred in preference intervals computed at α = 0.1 for preference (V ± 0.69 SE) and frequency dependence (b ± 0.9 SE), suggesting that the P-value for comparisons of V and b between male and female squirrels lies between 0.05 and 0.1. Female squirrels selected Chinese chestnuts and English walnuts in proportion to their frequency of availability (b = 1) and showed no preference for either seed type (V = 1). In contrast, males showed negative frequency dependence (b < 1) and consistent selection of English walnuts over Chinese chestnuts (V < 1). We did not test for sex differences in cache decisions when black walnuts and hazelnuts were paired because all squirrels consistently selected black walnuts.
To evaluate the combined effects of computed preference and frequency dependence terms, we plotted probability of selecting seeds for caching. Predicted probabilities of selecting black walnuts in pairings with American hazelnuts showed negligible differences when the frequency dependence term (b) was included in the model versus when the frequency dependence term was ignored by setting b = 1 (Fig. 2a) . In contrast, predicted probabilities of selecting Chinese chestnuts by captive squirrels differed when accounting for frequency dependence versus ignoring frequency dependence (Fig. 2b) . In this seed pair, the effect of negative frequency dependence was moderate (b = 0.298; Table 2 ) leading to a lower proportion of Chinese chestnuts being cached when compared to the 1:1 line at high frequencies of availability (Fig. 2b) . It is important to note that despite the negative frequency dependence, higher proportions of Chinese chestnuts ultimately were cached at higher frequencies of availability (Fig. 2b) . Minor differences were observed across sexes in plots of predicted probabilities of selecting Chinese chestnuts; predicted probabilities of selection by female squirrels overlapped the 1:1 line, whereas those of male squirrels did not overlap the 1:1 line (Fig. 3) .
discussion
We show that perceived value and relative availability of seeds interact to influence selection of seeds for caching. Previous studies have provided evidence of frequency-dependent seed predation and frequency-dependent seed removal (Celis-Diez et al. 2004; Celis-Diez and Bustamante 2005) . Our study provides additional evidence of seed caching as a frequencydependent and trait-dependent process (see Xiao et al. 2010) .
Preference rather than frequency dependence was important when a seed of high value was paired with one of lower value in experiments with both captive and free-ranging eastern gray squirrels. As expected per our first hypothesis, squirrels preferentially cached black walnuts across all frequencies of availability (Table 2 ; gray line in Fig. 2a) , which is likely due to a specific combination of attractive and defensive attributes that makes them particularly valuable for hoarding. Although both walnuts and hazelnuts represent relatively nonperishable resources, dry kernel mass of a black walnut is 3.8 g, which has a higher total caloric value than a 0.4-g American hazelnut kernel (Supplementary Data SD1). Further, walnuts have hard shells and long handling times in comparison to hazelnuts (Sundaram et al. 2015) . Therefore, squirrels may have preferentially cached black walnuts over hazelnuts to maintain energetically valuable reserves and defer time and energetic investments of processing thick-shelled walnuts to some later time (Jacobs 1992) . Equal palatability of prey items leads to frequency dependence regardless of the absolute attractiveness of a prey. In our experiment, frequency-dependent seed caching occurred when comparatively equally valued Chinese chestnuts and English walnuts were paired. When ranked based on seed attributes, English walnuts are perceived by gray squirrels to be of marginally greater value than Chinese chestnuts (English walnuts had higher standardized trait values than Chinese chestnuts for 3 of 4 traits examined in this study; see Supplementary Data SD1), likely due to the relatively harder shells and higher lipid concentrations of English walnuts (Sundaram et al. 2015) . Consistent with this observation, English walnuts were marginally preferred over Chinese chestnuts, but only by captive squirrels (Table 2) . Consistent with our secondary hypothesis, a significant frequency-dependent term (b < 1) was observed when captive squirrels selected between English walnuts and Chinese chestnuts (gray line in Fig. 2b) . Therefore, when seeds of relatively equal value and high palatability co-occurred, caching by squirrels was negatively frequency dependent, which contradicts previous suggestions that frequency dependence occurs only when seeds of low and equal palatability are paired (Hulme and Hunt 1999).
Patterns of selection observed in captivity were replicated in a more natural environment. Specifically, the extreme preference to cache black walnuts was also observed in free-ranging squirrels, although meaningful V and b estimates were not obtained from models fit to extreme selections (Table 1) . Further, captive squirrels showed negative frequency dependence (b < 1) and no significant preference (V = 1) between English walnuts and Chinese chestnuts (Table 2) . However, SEs for b and V were 2-4 times larger than SEs for captive squirrels ( Fig. 1; Table 2) . The less precise estimates with free-ranging squirrels resulted from the lower number of selection events obtained in field trials compared with captive experiments (n = 32 versus n = 273). Captive squirrels may also have been more selective when caching seeds due to satiation from the large quantities of food provisioned in each cage. Additionally, seeds produced by trees on campus and already existing in caches can influence selections by free-ranging squirrels and were not measured here. Nonetheless, both free-ranging and captive squirrel selections showed the same qualitative trends of weak preference and negative frequency dependence in Chinese chestnut and English walnut seed pairs, lending support to the hypothesis that seeds of similar value evoke negative frequency-dependent selection.
Squirrels accounted for cached resources when deciding whether to cache seeds of similar value. When seeds of different value were paired, the best model was based only on frequency of seeds presented (Table 2 ). This result may have been due to the extreme preference that squirrels showed for black walnuts. It suggests that, regardless of composition of cached resources, it is profitable for a squirrel to cache only the highly valued seed (black walnut) when paired with a seed of low value (American hazelnut). Accordingly, we did not find a significant effect of our cacheraiding experiment on seed selection in black walnut-hazelnut pairs. Designs seeking to study the influence of cache raiding on seed selection may find a significant effect within a 10-day time frame only if equally valued seeds are paired. When comparably valued seeds were paired, the frequency of cached resources and seeds presented predicted seed selection better than the frequency of presented seeds alone (Table 2 ). This result suggests that squirrels not only remember the placement of their caches (Jacobs and Liman 1991) but also account for cache content during foraging. Thus, studies aiming to quantify seed selection for caching of equally valued seeds by rodents should account for existing cached resources, which is a challenging task. Furthermore, the rarer seed type in caches was cached disproportionately more often, whereas the common seed type in caches was selected to a lower degree. Such selection of rare seed types would allow the squirrel to maintain diverse cached resources containing multiple seed types. Maintaining mixed seed types in caches may provide benefits in the long term for squirrels.
The sexes showed differences in their caching decisions within the sample size comparisons that were possible in this study. Estimates of preference and frequency dependence showed significant differences at an α of 0.1 between sexes when seeds of similar value were paired, with males selectively caching highlipid English walnuts over high-carbohydrate Chinese chestnuts (Table 2 ; dotted gray line in Fig. 3 ). In contrast, female squirrels did not discriminate between these seed types and cached seeds in proportion to their availability (V = 1, b = 1; Table 2 ; solid gray line in Fig. 3) . Further experiments are required to confirm whether such differences in seed selection actually exist. If confirmed, body size could play a role in the differences we observed. Eastern gray squirrels do not show sexual size dimorphism (Koprowski 1994 ), but average initial weight of males . Solid gray line represents predictions of the best-fit nonlinear regression model for captive female eastern gray squirrels, dotted gray line represents predictions for captive male eastern gray squirrels, solid black line is the reference line when there is no preference for either seed in a seed pair (V = 1) and no frequency dependence (b = 1). Shaded regions are 95% confidence bands (Bolker 2008 (Bolker , 2015 .
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JOURNAL OF MAMMALOGY used in this study was greater than that of females (500 versus 400 g; Table 1 ). Generally, larger individuals need to accumulate greater amounts of fat (Peig and Green 2009) and may explain why heavier individuals (males) selected English walnuts more often. Differences in foraging decisions by males and females could instead be neurologically based. Sex differences in the size of the hippocampus have been shown for rodents (Lavenex et al. 2000; Burger et al. 2013 ) and associated with differences in spatial ability and caching behavior of males and females (Jacobs et al. 1990; Burger et al. 2013) . For eastern gray squirrels, though, Lavenex et al. (2000) noted sex differences in portions of the hippocampus but no variation corresponding to seasonal changes in caching behavior. Additional work is needed to test consistency in seed selection by sexes and to identify neurological, physiological, or other mechanisms that could explain sexbased differences in seed selection for caching.
In addition to the covariates examined in this study, other individual-level covariates likely play an important role in explaining seed-caching behaviors. We designed the study specifically to examine how existing cached resources influence selection. We also found that sex (or body size) could play a role in influencing selection. Other studies have found that personality metrics can influence foraging decisions of consumers (Kurvers et al. 2010; Bergvall et al. 2011 ). Specifically, risk-taking traits can affect foraging (Dammhahn and Almeling 2012). Additionally, experiences of individuals including prior experiences handling specific prey items likely play an important role during foraging (Pelech et al. 2010; Berger-Tal et al. 2014 ). While we tried to minimize the influence of prior experience by acclimating captive squirrels to the seeds used in this study, wild squirrels may still select prey items based on individual experiences. Future studies designed to specifically test the influence of these behavioral and cognitive traits on caching behaviors will be important. Based on the results of this study, we postulate that these processes should play an important role in predicting caching events only when seeds of relatively similar value are paired together in trials.
Negative frequency dependence was observed in selections by both captive and free-ranging squirrels, which matches findings of previous studies and is expected given the high density of seeds provided to squirrels (Greenwood 1985; Celis-Diez et al. 2004; Celis-Diez and Bustamante 2005) . Studies of predation suggest that positive frequency dependence stabilizes prey diversity because the more common prey are depredated heavily, whereas the rare prey are consumed to a lower extent (Greenwood 1985) . Our study, however, estimates selection of seeds for caching. If caching and dispersal improve chances of seed survival and germination (as is predicted by Vander Wall 2010 and the JanzenConnell hypothesis-Janzen 1970; Connell 1971) , then caching as a negative frequency-dependent process is more likely to stabilize tree diversity because rare seeds are cached at a higher rate than expected while common seed types are cached to a lower extent. Thus, negative frequency-dependent caching has important implications for seed survival and forest composition.
Our results suggest that masting patterns may combine with forest composition to influence caching behaviors and potentially recruitment patterns. If seed species of differing caching value occur in a forest stand and recruitment depends strongly on caching, then recruitment should depend primarily on the attributes of the available seeds. For example, if we consider a stand of black walnut and American hazelnut, even at a low walnut frequency of 0.2, the probability of walnuts being selected is approximately 0.8 (solid gray line in Fig. 2a) . Additionally, this high probability of selecting walnuts is preserved even if we ignore the frequency-dependent term (i.e., set b = 1; dotted gray line in Fig. 2a) because the preference term is large (V >> 1). This does not suggest that hazelnuts will not be cached, but that walnuts will be cached at a much higher rate.
On the other hand, if seeds of comparable caching value occur in a forest stand, then relative frequency of available seeds will likely influence caching patterns. For instance, in a stand of English walnut and Chinese chestnut with a low chestnut relative frequency of 0.2, probability that Chinese chestnuts are selected is approximately 0.3 (solid gray line in Fig. 2b ), or about twice as likely as a situation without frequency dependence (i.e., set b = 1; dotted gray line in Fig. 2b ). Blight-resistant hybrids of American (Castanea dentata) and Chinese chestnut are the focus of large-scale restoration planning in the eastern United States (Jacobs et al. 2013) . If chestnuts from restoration plantings are relatively rare compared to seeds of similarly valued species in the forest, negative frequency dependence is predicted to elevate chestnut-caching probability above what might otherwise be expected. Of course if financial resources allow, dense restoration plantings of chestnuts mixed with other similarly valued species (e.g., several species of oak; Supplementary Data SD1) should yield greater benefits from caching than sparse restoration plantings; the probability that Chinese chestnuts are cached at high relative frequencies of chestnut availability, although lower than the 1:1 line, is still higher than the probability that chestnuts are cached when available at low relative frequencies (Fig. 2b) . For either scenario, the addition of a frequency-dependent component can lead to more specific predictions about caching and thus potentially recruitment and success of restoration efforts for species of interest.
In summary, caching decisions made by gray squirrels, and perhaps other scatterhoarders, appear to be a complex function of frequency of seed availability, perceived value of seed attributes, and cache contents. We have shown that relative frequency of availability may play no role in influencing decisions on which seed to cache when perceived values of seeds are very different. However, when differences in seed attributes translate to minor differences in caching value of seeds, frequency-dependent caching is likely to occur. More specifically, negative frequencydependent caching is likely to occur with the rare seed type being cached disproportionately often. In such pairings of comparably valued seeds, gray squirrels take into account the frequency and types of seeds already cached when making selections such that the rare seed types in caches are selectively cached more often, thereby increasing diversity of seed types in caches. We expect that frequency-dependent selection of prey will occur in other predator-prey systems when low-contrast resource options are available. Although future experiments under controlled conditions will be needed to enhance understanding of seed selection, our findings demonstrate that ecological context drives the process of seed dispersal (Theimer 2005; Lichti et al. 2014 . Specifically, food availability, relative frequency, and preexisting cached resources likely influence prey selection by foragers.
suppleMentary data
Supplemental Data SD1.-Seed-trait estimates, standardized trait values, and hierarchical clustering dendrogram for 23 hardwood tree seeds cached by eastern gray squirrels (Sciurus carolinensis). Supplemental Data SD2.-Plots of raw frequency of seed selection by eastern gray squirrels (Sciurus carolinensis) versus binned frequency of presentation.
